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Since the ~upply of ~luctJse i!; not a limiting 
factor in the epiderm is {Halprin and Ohkawara. 
1967!. sebaceous cell ~; can be assumed to have an 
adequate glucose supply. Moreover, active glucose 
catabolism probably provides acetyl C'oA and the 
reducing equivalents necessary lor lipogPnesis in 
sebaceous glands. Because of the problem of ob-
taining fresh tissue samples. it i:> difficult to study 
the total metabolic rates in human sebaceom, 
glands. However. t he intermediate step,; of car-
bohydrate metabolism. i.e .. enzyme assays 11nd 
substrate measurements. can be investigated in 
pure samples of sebaceous glands with microchem-
ical techniques (Adachi el al.. 1967a.b.c: Hershey 
et al.. 1960: Cruickshank et al.. 1958; Hershey and 
Mendle, 1954). The rate of metabolic fum·tions is 
mediated by a series of enzyme systems. These 
studie8 are based on the premise that the \'arious 
enzyme activities measured under the standard-
ized optimal assay conditions represent the meta-
bolic potentials of these enzyme!~ in vivo. A serieg 
of enzymatic studies of a certain metabolic path -
way would contribute to an understanding of 
metabolic control nnd or the alteration~ or interme-
diate steps for specilic tissue functions. F'or in -
stance. Adachi !1967) demonstrated that in malig-
nant tissue key enzymes requiring cofactors for 
their reactions exhibit greater alterations in their 
activities than other enzvmes of rhe same meta-
bolic pathway. -
Glucose metabolism has been well documented 
in the epidermi\> \f'reinke\, l960: Pnmeran\7. and 
Asbornsen. 1961 ; Halprin and Ohkawara. 1966; 
Decker, 1971). In the present study, other enzyme 
acti,·ities a nd tissue concentrations ol some sub-
strate:. and coenzymes have been measured in 
normal human sebaceous glands and epidermis hy 
means of a fluorometric microchemical technique. 
This investigation of the metabolic pathway::. in 
sebaceous glands is based on the metabolic path . 
ways estahlished fur the epidermis. 
MA I'EH.IAL,; AND I\.IE1'1100S 
Biopsy specimens (Jf stalp and t'hetk skin frnm three 
individual;. and 11la nasi :;kul lrom one mdtvtdual were 
obtained durin!! surJ!ery. The ~ample"' WE're l'ro1.en in 
liquid nitro~en and c·ut into ~0-l'm -thit'k sN:tion,; in a 
cryostat a1 21\0 • The section;, were dried m vacuo at 
20° overnight and scored at :.!0° until the subl\lrales 
and enzymes were as~ayed. The penphcral and central 
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portionl:' of\ he sebaceuu:o; glands. a~ well a~ the epidermis, 
we rE' disset·ted from 1 hese freeze-dried set"llons under the 
microscope. In general. less than 1 11g ut ti:>sue se~ment::. 
was used in a final \·olume of 10 I' I oft he appropriate 
reagent mixture. 
Measurernr>nl ll[ Coenzvrnes 
.'VAD and NADH onul,\~es. :\icutinumtrle adPnme 
dinucleotide !NADI and nkotinamidc adenine duwdE'o-
tide phosphate (\IADPI in thetr oxidized and redut"ed 
forms were measured hy t hP enzymatic cycling method ol 
Lowr) et al. 11961). modified for skin Om and Hoopes. 
19/0bl. The cycling reai'(ent mixtur!' lor NAD and :\IADH 
consisted of 200 mM Tri~-HCl buffer, pH 8.4; 100 mM 
lst·tate, 0. :~ mM AOP; ii rnM n-ketoglutawte: i10 mM 
ammonium acetate; :W\l 111!/ ml glutamate dehydrogenas~.> 
tGO H ) !heel' liverl sw;pended in ,-,ur-, glycerol. pH 'i .:l: 
and 211 11l!Jml I art ate dehydmgenal:oe I LDH l I beef hem I) 
treat I'd with :F, act i,·ated charc-oal. The endngenoul' 
:-:AD and/or ;\ADH of tissue un' limllin~ in the en · 
zymatic cycling reaction between the LDH and GDH 
system~. During the en?.ymlllil' cy<'ling reaction. 1 he 
re1tct ton pn•duct. (lyru,·ate. tb :wrumulated. The ac·t•u 
muluted pyru\ate is mea~urcd b:-o a l.lunrnmt•tric· method 
in a separate react ion system of LDH. This indicator 
reaction mixture mnsisted ul' 1'100 mM phosphate hurter. 
pH 7. 1: 0.2 mM '\ADH: and :l 11g/ ml LDH trahhit 
musclE') 
Free:te-dried t is,ue~. about o.:~ llf!.· were placed in 
microtest tubes 35 mm long with 2-mm bore. One 11! of 
cold 0.02 N :-;aOH wa~ added to ench tissue sample. and 
the tubes were placed 111 ice water. Standard;; cont<Hmng 
O.:l 0.6 p mules ul :\AD and NADH and bl~1nk tuhc!o ol 
alkalme snlut ion without I issue wert' run:-;imultanE'ou~ly . 
Total NAO was measured in the alkaline suspension 
without lurlh!'r treatment. The suspens ion wa~ heated 
for 10 min a t f)b 0 for the rnca~urement nl :-.IADH . Ten 11l 
of the t·ychng reagent were added ltl pach alknlme 
suspension and mc·ubared for (iO min at :11 for tutlll :-.lAD 
and lor 90 min a t ~~ · lur NADH . The c· ~· clinl! rearuunb 
were stopped h) boiling for :3 min. 
Ten I' I nf the tndicator reaction mixture were added tn 
earh cycling reaction tube. After a :!U-m1n tnt:ubation at 
2:1 . 'l .:-> 1-1\ nf i\ ;-.. Hrl were addrtl and mtxed to destrov 
the remaining excess :-\ADH in the reagent mixture .. ~ 
15-1'1 aliquot was transfE'rretl1n te~l tube~. to ,., rnm. 
cont ainin~ 100 I' I onl !\ NaO H and in(·ubatcd for lO min 
at 60° to induce llunresccnce from '\AD. The alkalme 
solution was diluted wtth I ml of disulled wntcr nnd read 
in a lluorumeter equipped with Conung- ~~~~~"No .. -,HHll as 
a primary filter and C'orninf! Nos. :1:1111. 5flll~ . anti -t:lol> as 
a secuncl ar) l'ilter. 
NADI' and Nr\DP/1 ana/y.'f!-'. Thl' t'ychng reu!(ent 
mixture lor NADP and NADPH ton~isted nr 0.1 :\1 
Tris-HCI buffer, p H 8.0; 5 mM a-ketoglutarate: 1 mM 
glucose-6-phosphate; 0.1 mM ADP; 25 mM ammonium 
acetate; 0.02<;; bovine serum albumin: 50 !'g/ ml glucose 6-
phosphate dehydrogenllSe (G6PDH) (yeast) resuspended 
in 2 M ammonium acetate; and 2{i0 llfl:lml GDH sus-
pended in 50~1 glycerol, pH 7 .:3. The endogenous tissues 
NADP and NADPH are limiting in the cycling reaction 
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between the G6PDH and GDH systems. The reaction 
product, 6-phosphogluconate. is accumulated in the cy-
cling reaction of NADP. The amount of accumulated 6-
phosphogluconate is large enough to be measured by the 
fluorometric method in a separate reaction mixture of 6-
phosphogluconate dehydrogenase (6PGDH). which con-
sisted of20 mM Tris-HCl buffer, pH 8.0; 20 .uM NADP; 1 
mM EDTA: and 1 ,ug/ml of 6PGDH (yeast). 
The amount of tis~ue and the alkaline treatment 
before the enzymatic cyclinl( reaction were the same as in 
the procedure for i'JADH and total :\AD. Standard Lubes 
containing O.O.'i 0.2 p moles :-.lADP or NADPH and blank 
tubes of alkalme solution without tihsue were run simul-
taneously. Alkaline ~uspensions were incubated for 60 
min at :l7o in 10 Ill of cyclinl( rcul(enl mixture for NADPH 
and total i'JADI' . After cycling reactions were stopped by 
boil in!( for :1 min, HIll were taken to each 75 . 10 mm test 
lube containin~t I ml of 6PGDH reaCLion mixture. 
Fluorescence of NADPil was read directly in a lluorome-
ler until the reactions were wmpleted. Complete reaction 
time was :lO 45 min . 
Measurement of G/uco,e. Glycojlen, and ATP 
The enzymatic cvcling method \\ISS used to measure 
glucose. l(lycogen. and ATP (Gatlield et al., 1966). The 
reaction mixture for glucose consisted of 50 mM Tris-
HCI, pH 8.0; 100 .uM ATP: 100 ,uM NADP; 5 mM MgCI,; 
O.OI "l- bovine serum albumin !BSAl: I IJ!Uml hexokinase 
(yeast) ; and 0.5 ,ug/ml G6PDH !beef liver). The reaction 
mixture for glycogen consisted of 50 mM imidazole 
buffer. pH 7..1: 2 mM MI(C'l,; 2 mM EDTA: 60 11M 
NADP; 0.02'1 BSA: 400 I-'M AMP; 20 mM sodium 
phc~~phate (dihasic): 20 IJg/ml phosphorylase (rabbit 
muscle!; 4 1-'g/rnl phn~phof!lucomutase (rabbit muscle): 
and 2 l'g/rnl G6PDH . The reaction mixture for ATP 
consisted of 50 mM Tri~-HCl buffer, pH 8.0: 500 .uM 
glucose: 5 mM MgC'l , ; O.OI ' r BSA; 100 I'M NADP; l 
JJg/ml hexokinase; and ().f) 1-'g/ml G6PDH . 
Approximately 0.5 Ill! freeze-dried tis~ue sections was 
added to 1 JJl of 0.02 N NnOH or O.Dl N HCI. Standard 
tubes contained 2· 10 p moles of ~tlucose and glycogen, 
and 5- 20 p moles of ATP an I 11l of :\aOH or HCI. After 
being heated for 10 min at 65". the suspension was 
incubated with 5 .ul of appropriate reaction mixture for 
30 -15 min at room temperature. After incubation, 5 .ul of 
0.1 N NaOH were added to each test lube and heated for 
15 min at 65° to destroy the excess NADP present in the 
reaction mixture. A 2-1'1 aliquot was transferred to test 
tubes containinl( 100 Ill cycling reaction mixture and 
incubated to allow the enzymatic cycling reaction of 
NADPH for 60 min at :!7°. Cycling reactions were 
stopped by a :3-mm boiling. One ml of the 6PGDH 
reaction mixture descrihed in the previous section was 
added directly to each test tube. Indicator reactions were 
completed in :30 45 min at mom temperature. 
Enzyme Assays 
Glycolytic enzymes. lsocitrate and malate dehydrogen-
ase. fumarase, glucose 6-phosphate and 6-phosphoglu-
conate dehydrol(ena~e. alanine and aspartate amino-
transferase, glutamate dehydrogenase, and beta hydroxy-
butyryl CoA dehydrogenase activities were assayed as 
described by Adachi (1967). NADP concentrations in the 
reagent mixtures were increased from the concentrations 
described by Adachi to 0.5 mM for 6-phosphogluconate 
dehydrogenase, 1 mM for glut'ose 6-phosphate dehydro-
genase, and 2 mM for isocitrate dehydrogenase. Phospho-
rylase and phosphol(lucomutase activitie~ were assayed 
by microadapting the procedures described by Halprin 
and Ohkawara ( 1966). The fluorometric assay procedures 
for ribose il-phosphate isomerase. transketolase, and 
transnldolase were those of Matschinsky et al. ( 1968) 
modified for skin. The common buffer. cofactors. and 
amoliary enz) me;. in the reaction mixtures for ribose 
5-phosphate isomerase, transketolase, and transaldolabc 
were 0.1 M Tris-HCl, pH 7.6; 20 ,uM thiamine pyrophos-
phate; 20 mM mcotinamide: 2 mM sodium amytal ; 
().Ot<',. BSA: 15 1-'g/ml a-glycerophosphate dehydrol(enase 
(rabbit muscle! ; and 12..') 11g/ml triosephosphate isomer-
ase (rabbtl muscle) . Sub!.trate concentration and addi-
tional auxiliary enzymes for ribose 5-phosphate isomer-
ase were 5 mM ribose 5-phosphate; 0.2 1-'/ ml trnnsketo-
lase (yeast): and 0.2 JJiml ribulose 5-phosphate epimernsc 
(yeast) . Suhslrate concentrations for transketolase were t 
mM xylulose &-phosphate and 2 mM ribose 5-phosphate, 
and tho~e for transaldolnse were 1 mM fructose 6-phos-
phat e and O.ii mM eryt hose 4-phosphate. Tissue ~eg­
ments, !l.!i IJ!(, were incubated in 10 Ill of reagent mixture 
for~() min for riho~e 5-phosphate isomerase, and 60 min 
for Lransketnlase and transaldolase at room temperature. 
Standard tube. contained 11.2-0.5 n moles glyceraldehyde 
:!-phosphate. Alanks were reagent hlank without tissue 
for tran~ketolase and transaldolase and tissue blank 
without substrate for rihose 5-phosphate isomerase. 
Reactions were stopped by adding a l'l I ;-.! HC'l. Ten-JJl 
aliquots were int'ubnted in IOU .ul of 6.6 ::\ ::\'aOH to 
induce the fluorescence of AD for i!O min at 37°. Acid 
phosphatase acti\·ity was as .. myed fluorometrically using 
a-naphthyl phosphate as substrate (lm and Hoopes. 
19il). The filter system for the fluorescence of a-naph-
thol was Corning l(la~s i'Jo .. i860 as a primary tilter and 
Nos. :l:l!!i and 4:ms as a secondary filter. It-glucuronidase, 
#-glucosidase. and d-galactosidase activities were mea-
sured by the method of Robins et al. ( 1968). Optimal 
assay conditions of :l 1:1-glyl·osidases were determined in 
human epidermal homogenate. Optimal pH determined 
in 0.1 M acetate buffer was 3.5 for tl-glucuronidase, 4.0 
for tl-galactosidase, and 4.9 for ,8-glucosidase. The re-
spective substrate concentrations for tl-glycosidase were 
1.5 mM 4-methylumbelliferone-tl-glucuronide, 0.5 mM 
4-methylumbelliferone-P-galactoside, and 5 mM 4-methyl-
umbelliferone-P-glucoside (Sigma, St. Louis). Standards 
contained lQ-20 p moles of 4-methylumbelliferone (East-
man Organic. Rochester, NY). The fluorescence of 4-
methylumbelliferone produced by enzyme reaction was 
measured in a fluorometer with Coming glass No. 5860 as 
a primary filter and Nos. 3387 and 5543 as a secondary 
filter (Robins et al., 1968). NAD-dependent isocitrate de-
hydrogenase activity was measured by fluorometric modi-
fication of the method of Plaut {1969). Reagent mi.,ture 
for isocitrate dehydrogenase consisted of 200 mM imida-
zole, pH 6.8, 10 mM phosphate buffer, pH 6.8; 5 mM iso-
citrate; 5 mM sodium amytal; 1 mM ADP; 5 mM MnCl,; 
3 mM NAD; and 0.02% BSA. Incubation time was 60 min 
at 37". Citrate synthetase activity was measured by coup-
ling the malate dehydrogenase system (Ochoa, 1955). Re-
agent mixture consisted of 100 mM Tris-HCI buffer, pH 
8.6, 1 mM acetyl CoA; 7 mM L-malate; 1 mM NAD; 
0.02% BSA and 100 u./ml malate dehydrogenase (pig 
heart). Acetyl CoA was prepared as described by Ochoa 
(1955). One-,ug tissue samples were incubated in 10 .ul of 
reagent mixture for 30 min at 37". Optimal assay condi-
tions of malic enzyme were determined in freeze-dried 
tissue sections in 10 ,ul reaction mixture. Reagent mix-
ture consisted of 100 mM Tris-HCl buffer, pH 7.6; 1 mM 
L-malate; 2 mM NADP; and 0.5 mM MnCl,. Optimal 
NADP concentration for sebaceous gland enzymes was 
higher than that for the epidermal enzyme. Linearity of 
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enzyme activity was obtained within 2 lAg of freeze-
dried tissue and within 60 min incubation at :17°. 
Measurement of Protein, DNA. and Lipid 
Protein contents were measured by mean~ of the 
micromethod ol Lowry el al. tl9.~l) . Disset'lcd freeze-
dried tissue (30 !Agl was homogenized in 200 Ill of 5r, 
trichloroacetic acid. Fifty JJI of homogenate were Ubed for 
each determination in a final volume of :200 !AI. The DNA 
content was determined in llg freeze-dried samples as 
described by Santoiani and Ayala (1965!: diaminohen· 
zoic acid dihydrochloride was trealed with 2':; activated 
charcoal. The fluorescence produced by the reaction 
between deoxyribose and diaminobenzoic acid dihydro-
chloride was read in a fluorometer equipped with Corning 
glass No. 4308. :lOGO. and 5970 as a primar) filter and 
Nos. 3:384 and 5031 as a secondary filter. The lipid 
weights were determined after the lipid had been ex-
tracted from lAg samples of freeze-dried tissues with 
alcohol and hexane (Lowry. 195:)). 
RESULTS AND DIS('l'SSIO~ 
The locations of the 25 enzymes assayed in this 
investigation are shown in the metabolic map 
(Fig.): the hydrolytic enzymes assayed were acid 
phosphatase, {1-glucuronidase, {1-galactosidase, 
and .8-glucosidase. Tissue contents of protein, 
lipid, and DNA were measured in J.l.g samples of se-
baceous and epidermal tissue (Table I). Since seba-
ceous cells contain more lipid and Jess protein and 
DNA than the keratinocytes, for purposes of com-
parison enzyme activities may be better expressed 
on the basis of lipid-free dry weight tissue, pro-
tein, or DNA. When such parameters are used , 
specific enzymic activities 2 to 3 times higher re-
sult. 
Substrate Levels 
Both glucose and glycogen con<'entrations 
showed a decreasing gradient from the periphery to 
the center of the sebaceous gland!> (Table I): 
glucose content ranged from 6.7-9.4 m moles/kg 
dry weight in the peripheral layers and from 
3.1-3.9 m moles/ kg in the center: glycogen content 
ranged from 9.6-36.8 m moles/kg in the periphery 
and from 5.5- 10.1 m moles/ kg in the center. 
Glycogen concentration was expressed as a glu-
cosyl unit (glucose equivalents). This is concordant 
with the histochemical findings of Montagna 
(196:!). There was no differential distribution of 
ATP; ATP concentrations ranged from 8 - 14 m 
moles/kg. Glycogen conLent was :3 times greater in 
the periphery than in the epidermis. whereas 
glucose and ATP concentrations were lower in the 
glands than in the epidermis (Table !) . When the 
concentration was expressed on the basis of lipid-
free dry weight. the peripheral ce lls of sebaceous 
~lands contained 6.3 times more glycogen than the 
epidermal ce lls, and glucose and ATP contents 
were comparable in the two tissues . 
Glycogen is used by epiderma l tissue in vitro for 
tissue res piration when exogenous glucose is not 
available (Cruickshank et al.. L962). ln a prelimi-
nary ischemia experiment which we have per-
FrmRE: The enzvmes analvzed in this ~tudv are local-
ized bv arrows with a number on the metabnt'ic map: ( L) 
phoRphorylase; (:l) phosphoglucomutase: (:3) glucose 
6-phosphate dehydrogenase; (4) 6-phosphogluconate de-
hydrogenase; 15) ribose-5-phosphate isomerase; {6) trans-
ketolase and transaldolase; (7} triosephosphate isomer-
ase: (8) rr-glycerol phosphate dehydrogenase: (9) hexoki-
nase: ( 10) phosphofructokinase: ( 11 l aldolase: ( 12) glyc-
eraldehyde 3-phosphate dehydrogenase; ( 13) pyruvate 
kinase: ( l.J) lactate dehydrogenase; ( 15) citrate synthe-
tase; ( 161 :'\AD-dependent isocilrate dehydrogenase: ( 17) 
;..JADP-dependent isucitrate dehydrogenase: (18) fuma-
rase: (19) malate dehydrogenase: (::20) malie enzyme: (21) 
glutamate dehydrogenase; and (24} 13-hydroxyhutyryl 
CoA dehydrogena~e. Abbreviatinns: UDPG uridinedi-
phosphate-gluC'ose, GIP = gluco!->e-1-phosphate, G6P = 
glucose-6-phosph<lle. 6PG gluconate-6-phosphate. P6P 
[ructose-6-pbosphate. FOP fruclose- 1.6-diphos-
phate. GAP glyceraldehyde :3-phosphate, DHAP 
dihydroxyacetone phosphate. HGOP <r-glycerophos· 
phate, PG - phosphoglycerate, Pf:P - phosphoenol 
pyruvate, <rKG a-ketoglutarate, OAA oxaloacelate. 
Asp ~ aspartate. MCoA malonyl CoA. AACoA 
acetoacetyl C'oA . .80HBCoA = 1:1-hydroxyhulyryl CtJA. 
~'A ratty acids, TG triglyceride. Thick arrows 
indicate significantly higher enzyme activity in the 
sebaceous glands than in the epidermis. 
formed, the glycogen content in tissue decreased 
much more in the sebaceous glands than in the 
epidermis. whereas the glucose coment decreased 
eq ually in the two tissues. The higher concentra-
tions of glycogen and greater enzyme activities of 
phos phorylase a nd phosphoglucomutase (see be-
low) may indicate that glycogen metabolism plays 
an important role in sebaceous glands. 
The concentrations of NADPH, total NADP, 
NADH, and total NAD are shown i11 Table U; none 
of these nucleotides differed within the layers of 
the sebaceous glands. The sebaceous cells con-
!ained about a times more NADP than the epider-
mal cells. Approximately 80 percent of the total 
NADP and 34 percent of the total NAD were 
presem in reduced state in the sebaceous glands; 
abou! 70 percent of t.otal NADP and :2:3 percent of 
total NAD were reducing equivalents in the epider-
mis. The ratio of' total NAD to total NADP was 
about 3: 1 in the sebaceous glands and 8: 1 in the 
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TABLE I 
Constituents of epidermis and sebaceous glands 
Sebuce<Jus Glands 
Epidermis 
Periphery Center 
Protein (l'g/mg 703 423 295 
tissue dry wt) (610 819) (320- 490) (280-315) 
Lipid (l'g/mg 181"" 10 561 ± 28 652 "' 42 
tissue dry wt) (129- 298) (513-600) (581-690) 
Dl\A (Jlg/mg lis- 25.1 ± 1.9 9.4 ± 1.2 7.4 ± 0.8 
sue dry wtJ ( 17.9-32.41 (6.9- 14.0) (3.0-10.2) 
Glucose 16.3 r 1.1 7.8 ± 0.9 3.4 ± 0.7 
(m moles/kg 114.3- 17.6) (6.7-9.4) (3.1-3.9) 
dry wt) 
Glycogen 7.0 ± l.l 22.2 ± 3.:1 7.7±1.2 
(m moles/kg (6.1-8.4) (9.6-36.8) (5.5- 10.1) 
dry wt) 
A1'P (m moles/ 16.9 ± 1.8 10.5 ± 1.6 10.0 ± L9 
kgdrywt) ( 13.3-23. 7) (7.9-13.8) (8.1- 12.8) 
Each figure for protein content represents a total mean 
of 9 determinations from three different skin specimens. 
Other data are total means of 30 determinations ± S.E. 
from six different skin specimens. Values in parentheses 
are the range of mean content in skin specimens from 
different individuals. 
epidermis. The low ratio in the sebaceous glands 
indicates a predominance of the NADP system. 
The higher concentration of the N ADP nucleotides 
in sebaceous glands, with a high concentration of 
its reduced form, concurs with the greater activi-
t ies of NADP-dependent enzymes (Table II). The 
coordination of the levels of pyridine nucleotides 
might be regulated by the activity of NAD kinase, 
N ADase, and the phosphatase which converts 
NADP(H) to NAD(H) and by the interaction of 
some dehydrogenases. However, no pertinent en-
zymatic studies of the above factors have been 
performed in skin. 
Glycoly tic Enzymes and a-Glycerophosphate 
Dehydrogenase 
~ebaceous glands have greater phosphorylase, 
hexokinase, aldolase, and a-glycerophosphate de-
hydrogenase activities in their peripheral layers 
than in the central part. whereas glyceraldehyde-
3-phosphate dehydrogenase was more active in the 
central part (Table lli). Most of the glycolytic 
enzymes exhibited no difTerential distribu tion 
within the layers of the glands when the enzyme 
activities were expressed on the basis of lipid-free 
dry weight tissue. 
Phosphorylase and phosphoglucomutase activi -
ties of glycogen metabolism were about 5 and 7 
times greater in the sebaceous glands than in the 
epidermis (Table ll) . From a group of 11 enzymes 
catalyzing glycolysis, 7 were assayed (Fig.). Glycol-
ysis consists of two major stages. In the first , 
glucose and other simple sugars are first phospho-
rylated at the expense of ATP and cleaved to form 
the 3-carbon sugar, glyceraldehyde 3-phosphate. In 
the second, glycolysis is the common oxidoreduc-
tion pathway for all sugars and energy-conserving 
steps in which ADP is phosphorylated to ATP. In 
sebaceous glands, the pattern and magnitude of 
activities of the glycolytic enzymes were similar to 
those in the epidermis except for aldolase and 
glyceraldehyde 3-phosphate dehydrogenase (Table 
II). a-glycerophosphate dehydrogenase activity 
was about 60 times higher in the sebaceous gland 
than in the epidermis. However, when enzyme 
activities are expressed in terms of other parame-
ters, such as tissue protein, DNA, or lipid-free dry 
weight, the enzymes catalyzing the first stage of 
glycolysis appear to be more concentrated in the 
sebaceous glands than in the epidermis. On the 
other hand, glyceraldehyde 3-phosphate dehydro-
genase activity in sebaceous glands was only 30 
percent of that in the epidermis, but a-glycero-
phosphate dehydrogenase activity was more than 
100 times higher in the glands than in the epider-
mis. a-glycero-3-phosphate and fatty acyl CoA are 
two major precursors for the synthesis of neutral 
fat (acylglycerol). a-glycerol 3-phosphate is nor-
mally generated from dihydroxyacetone phosphate 
by action of a-glycerol phosphate dehydrogenase. 
The high activities of a-glycerophosphate dehydro-
genase and triosephosphate isomerase indicated an 
increased flow of glyceraldehyde-3-phosphate and 
dihydroxyacetone phosphate into a-glycerophos-
phate in sebaceous glands. 
Pentose Phosphate Pathway Enzymes and 
NADPH-Producing Enzymes 
Characteristic differences between the sebaceous 
glands and the epidermis were seen at all levels of 
the pentose phosphate pathway and NADP-
dependent system (Table IT) . The most active 
NADP-dependent enzymes were isocitrate dehy-
drogenase and glucose 6-phosphate dehydrogen-
ase. Malic enzyme activity was high in the seba-
ceous glands and exceeded that of the epidermis by 
a factor of 13. lsocitrate dehydrogenase activity 
was 4 times greater and all enzyme activities of the 
pentose phosphate pathway were 4 to 8 times 
greater in the sebaceous glands than in the epider-
mis. 
In the epidermis (Freinkel, 1960; Im and Hoopes, 
1970a) and hair follicles (Adachi and Uno, 1968). 
the pentose phosphate pathway contributes only 
2-fi percent to glucose catabolism. This is in-
creased to 14 percent in normal epididymal areolar 
tissue and to 25 percent in insulin-stimulated 
adipose tissue (Katz eta!., 1966). The much higher 
activities of all enzymes of the pentose phosphate 
pathway observed in this study may indicate a 
greater contribution to glucose or glycogen catabo-
lism in sebaceous glands. However, complete met-
abolic s tudies must be performed in sebaceous 
glands before this alternate pathway can be quan-
tified. 
The dehydrogenases of the pentose phosphate 
pathway are involved in lipogenesis as a source of 
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TABLE II 
'ri.~sue roncpntration of nucleotide., and enzymes 
Nuc/eotrcle.\ (m moles/kg 
dr, wt) 
Total NADP 
:-<ADPH 
'!i- Reduced slate 
T otal NAD 
NADH 
,. Reduced state 
Glycolytic en zymes <Mihr/hg 
dr,· u t) 
Phosphorylase 
Phosphoglucomuta~e 
Hexokinase 
Phosphofructokina~e 
Aldola!->e 
Trirn;e thomerase 
Glyceraldehyde-? DH 
Pyruvate kina~e 
Lactate DH 
o-Glycero-P DH 
Pent use pho.~phate pathway 
and NADPH-praducing 
enzymes (M /hr/kg dry wt) 
Glucose 6-P D H 
6-P Gluconate DH 
Ribose :;.p isomerase 
Transketnlasr 
Transaldolase 
Jso<·urate DH (:-<AOP) 
Malic enzyme 
Tricarboxylic acid cycle en-
zymes (M/hr/kg dr, wt) 
C itrate synthetase 
lsocttrute DH (:-/AD) 
Fumaras(• 
Malate DH 
En zyme.\ linilinp carbohy-
drat<• to ammo actds and 
fatty acid., <M/hr/kg 
dn ull 
Glutamate DH 
Alanine transaminase 
Aspartate transaminase 
d-O H -butyryl CoA DH 
EpidermrR 
0 . 18 r 0.01 (0.11 o.:1:n 
0.1:1 L 0.0( (0.08 0.28) 
68.:1 (5:to 8 t.2l 
1.12 1 0.08 11.0-l 1.8-ll 
o.:1:1 I 0.0-1 10.19 0.:191 
2:1 (10.-1-:l'i.Ol 
0.011 J 0.002 (U.l!Oii 0.020) 
0.:18 _j_ 0.08 (0.49 0.6·1) 
l.():l ± 0 . 10 (0.5:3- I .:16) 
1.:!1 ± 0.21 !0.92 1.57) 
1.()9 "' 0.1-1 !0.76- I .:18) 
t:3.9 ~ Ui5 ( t:l.6 11.2) 
5.3·1 + 0.43 1-1.:12 7.00) 
t :J.;i .J. 1.:'1:1 (8.1 18.4) 
26.:1 I 1.18 ( 14.9 :38.2 1 
ll.l-t ± 0.01 \0.10 0.2:11 
1.01 
- 0.08 (0.61 1.6.">) 
0.40 t 0.0;) 10.27- L.0-11 
0.052 ... 0.010 !O.O:'JI - O.O:i9J 
O.tO 0.02 (0.09- 0.IIl 
0. Ill '" lUll (O.ll"i- 0.1:11 
2.11 0.18 ( 1.61-2.72) 
0.22 i 0.01 (0.16- 0.2i!J 
1.29 t 0.10 ( 1.02- 1.:->lll 
0.19 ~ 0.01 (0.1:3 :1.02) 
7 :l9 • 0.21 (6."iU- 7.1l"iJ 
2R.6 • 2.'i0 (:!'i.:)-29./l) 
0.1).1 -:. O.O:i (0.-l"i- U.'i:il 
O.:i-1 t 0.07 (0..11 - 0.()'i) 
1.2-l .r O. II I 1.12- t.:lf>l 
0.71 O.O'i (O.-t5 1.1 II 
:>ebarenus Gland~ I p~rrphcrvl SG/E 
--+-----
0.48 ±. 0.04 (0.19 0.89) 
0.:31 "0.0:1 (0.1:1 0.101 
78.2 (60.0 92.:11 
1.38 ~ O.O'i (0.92 2.11) 
IUiO ~ U.Ofi 10.-1:! 0.6:1) 
:11 .2 (2:t1 li.Ol 
0.05:! "' 0.008 (0.021 0. LOii) 
:1.82 ;_ 0.46 (2.95 1).40) 
0.69 .. 0.0~ {(),.!;) 0.91}) 
1.65 0.22 tt.:lt 2.01)1 
2.99 ±0.21 I L.ll:i :1.:14 J 
11.2 _ 1.51 I 1:1.9 ll.:i) 
L.6"i 1 0.2-t ( I. 28 2.0:11 
8.18 ± 1.02 I l.:i 9.91 
28.0 ± 2.80 ( 17.:3-:11.2) 
8.1f> ~ 0.81 (5.·1- 1 (}.!)) 
8.-t2 ll.62 l-t.!>6 - ll."i) 
2.:39 ± 0.20 I L.-lfi · 2."i8J 
o.a2 ± o.u:1 10.24 0.:18) 
0.46 ± 0.02 tO.:l"i n.;,:ll 
0.41 rll.0-1 IO.:l-1 ll..'i-t I 
9.50 ~ 0.88 (7.:i9 11.81 
2.78 I U.2U ( :2.:14 :1.17) 
:l.2:i -1 0. 19 ( 1.97- 1.4.')) 
0.26 .± 0.02 ({).2:\ 0.291 
2:1.2 0.96 ( 1~!.1 :\2.01 
-tfi.2 ~ ·1.01 (~0.-t :il.:!) 
0.:10 t o.a2 (0.:!1 tU7J 
5.:!8 ~ O."il C:l.:lf> 8.0Hl 
:!.12 0.26 (1.89 l.f>8) 
2. :~6 0.-t6 ( 1 :10 2.9·11 
2.1 
:3.0 
1.0 
J.i) 
4.7 
6.6 
0,7 
t.:l 
2.1 
1.0 
o.:1 
0.6 
1.1 
57.0 
!1.:1 
6.0 
6.1 
·l.iJ 
4.1 
·1.4 
12.6 
2.:i 
1.-1 
:u 
l.ii 
O . .'i 
9.8 
l."i 
:1.2 
Each figure represents a total mean ol 25- HJ determrnauons .,. :-;,E. from -t "i diJt'erenl !>kin specimen:.. Value~ in 
parenthese;, are the range nl mean concentration~ or "; reduced state in skin specimens from different individuals. 
:--IAOPH. NADPH formed \'ia this pathway sup-
plies 50 75 percent of the hydro~en used for fatty 
acid synthesis in adipose tissue~ (Flatt and Ball. 
1964: Katz et al.. 1966) and 41 ;)7 percent for 
Lipogene!>is in rat skin (Ziboh et al., 1970). The 
strikin~ differences bet ween the epidermis and I he 
lipogenic sebaceous glands in the activities of iso-
citrate dehydrogenase and malic enzyme suggest 
that their function is to provide additional NADPH 
for reductive synthesis of fatty acids. If the seba-
ceous glands possess pyruvate carboxylase, malic 
enzyme can interact with malate dehydrogenase 
and pyruvate carboxylase to produce NADPH from 
cytoplasmic ~ADH (Wise and Ball. 1964), as in 
the following equations: 
Pyruvate - CO, t- ATP · 
OxnlacNate + Al.)P 1 P, (I) 
Oxalacetate NADH M alate t :-/AI.) (2) 
Malate + NADP "" Pyruvate + CO,+ NADPH (3) 
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Sum: NADP ! NADH + ATP -
NADPH t- NAD _._ ADP + P, (4) 
The result of this malate shunt is an ATP-driven 
transhydrogenation between ~ADP and NADH to 
yield NADPH. 
Tricarboxylic Acid Cycle Enzymes and Enzymes 
Linking Carbohydrates to Amino Acids and Fatty 
Acids 
The TCA cycle enzymes were almost 2 to 3 times 
more active in the sebaceous glands t han in the 
epidermis (T able IT). These higher enzyme activi-
ties may indicate more active aerobic oxidation in 
sebaceous glands than in epidermis. (j-hydroxybu-
tyryl CoA dehydrogenase activity in the sebaceous 
glands was 2 to 5 times that in the epidermis 
(Table Il l and glutamate dehydrogenase activity 
was lower in the glands and in the epidermis. 
Aminotransferase activities were extremely nigh in 
sebaceous glands, alanine and aspartate amino-
transferase being 10 and 2 times. respectively, 
more active in sebaceous glands than in epidermis 
(Table II). Alanine aminotransferase activity, as 
expressed on the basis of lipid-free dry weight 
tissue, was 22 times more active in sebaceous 
glands than in the epidermis. Both alanine and 
aspartate trap the amino groups of various amino 
acids, and their carbon skeletons are ultimately 
used as a source of energy. High alanine amino-
transferase activity may indicate a tissue potential 
to convert amino acids into pyruvate. which can 
serve as substrate for lipogenesis by providing 
acetyl CoA and by initiating a possible malate 
shunt (see above). 
Hydrolytic Enzymes 
Lysosomal hydrolytic enzymes are localized pre-
ponderantly in the center of the sebaceous glands 
(Table IV). Acid phosphatase activity was 5 to 7 
t.irnes greater in the disintegrating central portion 
TABLE In 
Distribution of enzyme acth1itie.~ (M/hr/k~ dry tl'tl m sebaceous glands 
Enzymes Periphery Center p Value 
Phosphorylase 0.049 .!_ 0.0022 0.17 l. 0.003 0.001 
Hexokinase 0.88 ± O.o76 0.53 ±. 0.06 0.01 
Phosphofructokinase 1.38 ± 0.20 1.20"' 0.25 NS 
Aldolase 2.52 ±. 0.34 1.39 ;~:0. 12 O.OR 
Glyceraldehyde-3-P DH 1.4:3 "' 0.10 1.37 ± O.I4 NS 
Pyruvate kinase 9.88 ± 1.29 8.12 j 0.53 NS 
Lactate DH 27.8 t- 3.7 24.6 ± 2.1 NS 
Malate DH 40.5,. 1.8 !'l!l.U ± 4.9 >iS 
a-Giycero-P DH 7.52 ± 0.9:1 4.46 ± 0.77 0.05 
Glucose-6-P DH 8.01 ± 0.49 :l.82 ± 0.(i5 0.001 
6-P-Giuconate DH 2.50 ± 0.31 1.30 "' 0.12 0.05 
Malic enzyme 1.66 ±. 0.16 l.l9"' 0.34 NS 
lsocitrate DH 11.2 X 1.9 5.86 ± 0.27 0.05 
Glutamate DH 0.28 {. 0.01 0.16 ± Q.Q2 0.001 
Alanine transaminase 5.:H ± 0.31 :1. 7R ,. o.:n 0.05 
Aspartate transaminase 1.89 t 0.21 1.17±0.1:2 0.05 
.8-Hydroxyhutyryl CoA DH 2.78 ± 0.23 1.54 ± 0.18 0.01 
Each figure represents a mean of 6 detenninalions ~ S.E. from ala na,;i skin. NS = statistically not signilicanl. 
Statistical comparisons were made with the Student's t-tesL between the periphery and center. 
TABLE IV 
CompariMn of hy drolytic enz,vm<> actit•ities in the periphery and center of sebaceou8 glands 
Sebaceous Glands 
Enzymes (m/hrlkg dry Wl) Epidermi' C/P 
Peripherv renter 
Acid phosphatase 2.ll ± 0.13 0.62 ± 0.06 3.90 ± 0.5I 6.3 
I 
(1.76-2.48) (0.56 0.65) (2.71-4.Ti) 
~-Glucuronidase 0.035 ± 0.00~ 0.045 ± 0.004 0.069 "' 0.001 1.5 
(0.016-0.049) (0.025 0.060) (0.036-0.087) 
~-Glucosidase 0.012 ± 0.001 0.017 ± 0.002 tl.02~ J. 0.003 t.:l 
I (0.0!0-0.013) (0.0 16-0.018) (0.019-0.027) ~-Galactosidase O.Ol8 ± 0.001 0.020 ± 0.002 0.02& ± 0.00:\ 1.3 
(0.017-0.021) (0.018-0.02-1} (0.02Q....0.029) 
Each figure represents a total mean ol 15 determinations ± S.E. from 3 different individual skin specimens. Values 
in parentheses are the range of mean activity in skin specimens from different individuals. 
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than in the less differentia ted peripheral cells . 
Three of the ,8-glycosidases were distributed 30- 50 
percent more in the centra l than in the peripheral 
layers of t he glands. Lysosomal hydrolytic enzymes 
appear to partici pate in holocrine secret ion in 
sebaceous glands (Bra ndes et al.. 1965). 
1-il! MMAI!Y 
Glucose. glycogen. and ATP concentrations were 
measured in t he periphera l and centra l layers of 
the sebaceous glands as well as in the epidermis. 
Both carbohydrates exhibited a decreasing gradi -
ent of concentra tion from the periphery to the 
center of the glands. No differential di stribution of 
ATP content was found in the sebaceous glands. 
The periphery of t he glands contained 8 m moles 
glucose. 22 m moles glycogen. a nd 10m moles ATP 
per kg dry weight tissue. The glucose a nd ATP 
concentrations were compa rable to those in epider-
mis. whereas on the basis of lipid-free dry weight 
the amount of glycogen at the periphery was 6.:3 
times that of epide rmis. 
The t otal NADP concentration in sebaceous 
glands was O.i'i rn moles/kg dry weight. 78 percent 
of which was in the reduced form; the total NAD 
concentration was 1.4 m moles/kg dry weight. :34 
percent of which was in the reduced state. Seba· 
ceous glands contai ned 3 times more NADP nu -
cleotides than epidermis. The ratios of the NAD 
nucleotides to NADP nucleotides were 3: I in the 
sebaceous glands and 8: 1 in the epidermis. 
or the 29 enzymes assayed. the most prominent 
in the sebaceous gla nds were a-glycerophosph at e 
dehydrogenase. malic enzyme, a lanine amino-
transferase. glucose-6-phosphate d ehyd rogen ase , 
and phosphorylase. En zyme a na lyses also demon -
s trated increased contributions of the pentose 
phosphate pathway and tr icarboxylic acid cycle , a 
significant role for glycogen metabolism and active 
glycolys is. The high activi ties of cv-glycerophos-
phate dehydrogenase and triosephosphate isomer -
ase s ugges t that tr iosephosphate is being shifted 
into a-glycerophosphate for the acylglycerol forma-
tion. The high aminotransferase activities sug-
gested a n important contribution of amino acid 
metabolism to the sebaceous glands. The con-
spicuously high activity of alanine aminotrans-
ferase indicates a tissue potential to convert 
amino acids to pyruvate in sebaceous glands. 
High malic enzyme and malate dehydrogenase 
activities suggest a malate shunt, by means of 
which an ATP-driven transhydrogenation be-
tween \IADP a nd cytoplasmic ~ADH occurs to 
produce NADPH . lsocitrate dehydrogenase was 
the most active among t he NADP-dependent en -
zymes a nd appeared to part icipate 111 NADPH 
production in the sebaceous glands. 
Acid phospha tase activity was 5 to 7 times 
greater in the central portion than in the peripheral 
layers of the sebaceous glands. Three ,8-glycosi -
dases were distributed more in t he center than in 
the periphery of the glands. High acid phospha tase 
activ ity in the centra l pnrtion of sebaceous glands 
may reflect its involvement in holocrine secretion. 
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